The present communication describes the histological investigation by immunofluorescence of the distribution of blood group substances A and B in the tissues of various human organs, a question which heretofore has been investigated mainly by serologic tests on extracts of tissues. Previous workers have found relatively large amounts of water-soluble, mainly mucus-bound antigen in appropriate tissues of secretors, as contrasted with the small amounts found in those of non-secretors. On the other hand, antigen extractable by ethanol has been found in small amounts in practically all tissues from individuals of appropriate blood group, regardless of their secretor status.
PLAa~S 64 ro 67 (Received for publication, January 7, 1960) The present communication describes the histological investigation by immunofluorescence of the distribution of blood group substances A and B in the tissues of various human organs, a question which heretofore has been investigated mainly by serologic tests on extracts of tissues. Previous workers have found relatively large amounts of water-soluble, mainly mucus-bound antigen in appropriate tissues of secretors, as contrasted with the small amounts found in those of non-secretors. On the other hand, antigen extractable by ethanol has been found in small amounts in practically all tissues from individuals of appropriate blood group, regardless of their secretor status.
Immunofluorescence microscopy aims at cytological localization. The mapping out of the histological sites occupied by these two forms of antigen, and possibly others to be encountered in the future, and the investigation of their solubility and other properties, may allow further histochemical study of the various forms of the blood group substances in their native state. At the same time the differences in the distribution of these antigens in secretors and nonsecretors provide an opportunity to investigate histologically the modification imposed by one set of alleles (secretor:non-secretor, S, s) on the phenotypic expression of another independent set (ABO).
Landsteiner's discovery of the ABO system of antigens in human erythrocytes initiated numerous further investigations of their occurrence and distribution in the body. The earlier workers investigated the various body fluids and secretions (30, 31, 17, 27) , free cells other than crythrocytes (e.g. spermatozoa) (16) , and extracts of tissues and organs (29, 15) , using hemagglutination inhibition or complement-fixation techniques. Among the numerous publications the most comprehensive are the monograph of Putkonen (23) :~ Read in part at 44th Annual Meeting of American Society for Experimental Pathology, Fed. Proem, 1939, 18, 301. 785 human beings into secretors and non-secretors (24) and to the theory of the inheritance of the secretion of ABO (H) antigens of Schitt and Sasaki (25) .
Chemical and immunochemical investigations of Morgan (20) and Kabat (13) have established the structure of blood group substances as complex polysaccharides. In both laboratories saliva or the contents of pseudomucinous ovarian cysts were used as the principal starting materials for isolation and purification.
More recently there has been a revival of interest in cell and tissue antigens with the reapplication of old and the invention of new techniques. A and B antigens have been found in the cornea (22) and the skin (21) by the isoagglutinin absorption method. Coombs used the technique of mixed cell agglutination to demonstrate A and B antigens in epidermis (2) and in platelets (1). This method found application in the "typing" of spermatozoa (9) and in the demonstration of antigens in fetal kidney tissue grown in culture (12) .
The fluorescent antibody technique of Coons and Kaplan was applied by Tanaka and Leduc (28) to the histologic localization of the Forssman antigen in animal tissues. Glynn et a/. (7) recently published a comprehensive study of antigens A, O (H), and Le in human stomach and duodenum, including a search for A and B in other organs (6) .
Materials and Methods
The underlying principle in the use of fluorescent antibody depends on the reaction between an antiserum tagged with fluorescein isocyanate and specific antigen in a thin tissue section (4) . Fluorescdn emits a brilliant green fluorescence under bombardment by ultraviolet and blue light which permits histologic localization of the antigen, while other structures are visualized by virtue of natural blue-gray autofluorescence.
Sera.--Strong anti-A and anti-B human sera supplied to the Blood Grouping Laboratory of Boston by Dr. J. Smolens (Philadelphia Serum Exchange) were employed. They were obtained by immunization of two human male volunteers belonging to group A and B with animal B and A substances respectively. Both gave agglutinin titers of over I000 as tested with a 2 per cent suspension of appropriate erythrocytes. After conjugation with fluorescein isocyanate, the final titer of each conjugate was about 1000, the slight fall in strength being entirely accounted for by dilution in the course of preparation. Further tests with a panel of "0" cells possessing other known erythrocyte antigens t gave negative results. In order to obviate non-specific staining of tissue sections each conjugate was run through a column of anion exchange resin (Dowex 2 chloride ~) followed by absorption of small batches with human liver powder. In the preparation of powders, portions of human liver obtained at autopsy from subjects of group O were used. There was no significant drop in the aggiutinin titer of conjugates following contact with the resin or incubation with the powder. While most of the non-specific green staining was thus removed, a slight residue occasionally persisted in polymorphounclear leucocytes, especially eosinophlies. Additional absorptions with liver powder were often required for batches in use for 10 days or more.
Blood Group Substa~es.--For neutralizing conjugated sera in the preparation of control conjugates purified blood group substances were used. Preparations of hog A substance and human A and B substance were kindly supplied by Dr. C. A. Howe and Dr. S. Leskowitz respectively.
Tissues.--Tissues were obtained at autopsy or from surgical specimens. Generally, the former showed deterioration of the antigen within 3 to 6 hours, while surgical material could be stored in the refrigerator (4°C.) for periods up to 12 hours.
Specimens (about $ ram. thick) were placed against the wail of pyrex tubes (10 X 1.8 cm.), firmly stoppered, and quickly immersed in a mixture of dry ice and alcohol. They were then stored at -20°C. for not longer than a few weeks because of the slow but steady increase of blue-gray autofluorescence of tissues and some decrease of antigen staining.
Sections.--Sections 4 to 5 micra thick were cut on a rotary microtome in a cryostat kept at a temperature of -20°C. Thicker sections resulted in poor resolution of structure.
Fixation and Staining.--Sections were fixed for 10 minutes in acetone at room temperature followed by drying for 20 minutes in an incubator at 37°C. Other standard fixatives, like ethyl or methyl alcohol, or formalin, interfered with the staining of some or all forms of the antigens.
Appropriate conjugates were applied to sections kept in a moist chamber at room temperature. Thirty minutes was adopted as routine time of staining although 20 minutes proved satisfactory for practically all tissues and forms of antigen. Glycerol buffered to pH 7 by mixing with buffered saline in the ratio 7:3 was used as mounting medium; the mixture was prepared afresh every few days. Sections were kept in the refrigerator although no appreciable deterioration resulted from keeping them at room temperature for prolonged periods as for histologic study and photography.
Formalin fixation of stained preparations decreases specific fluorescence somewhat but augments considerably the blue-gray auto-fluorescence of tissues even after a few minutes' exposure.
Controls.--The specificity of staining was the pivotal point of the technique employed. As a preliminary it was established that specific staining with either conjugate could be inhibited by prior exposure of the section to the unconjugated globulin solution derived from the corresponding serum. Equally good results were obtained with a rabbit anti-A serum of high titer. Such inhibition, however, proved too cumbersome for routine use since during the subsequent application of conjugate enough exchange between labeled and unlabeled globulin occurs to allow staining (3) .
For routine use a control conjugate was provided by absorbing an aliquot with an equal volume of thrice washed, packed homologous cells. After 30 minutes the absorbed conjugate no longer contained the specific agglutinin. Dilution incurred in the course of absorption is of the order of 10 per cent and is without effect on the staining powers of a conjugate as proved by absorbing it with packed O cells. As an alternative a conjugate was allowed to react with pure A or B substance and used as a control reagent.
The specificity of the conjugates was further confirmed by the fact that sections were not stained by heterologous reagents. Thus no staining was ever obtained with the anti-A conjugate applied to a B tissue or with an anti-B conjugate applied to an A tissue. O tissues were unstained by either.
Determination of Secretov Status.--This was determined in the majority of cases by Lewis typing of erythrocytes (8) . 3 Bloods from subjects transfused during the preceding 3 months were regarded as unsuitable. In a small proportion of cases saliva was obtained for hemagghitination inhibition test. One autopsy case whose erythrocytes were Le(a-b-) disclosed a distribution of the mucus-borne antigen characteristic of a secretor.
Photography.--A standard Reichert source of ultraviolet light was used with a Zeiss microscope equipped with a dark field condenser. A 35 mm. film holder was employed for black and white (Kodak tri-X) or color (super anscochrome) daylight films. Exposures for either film ranged from 3 minutes using a X 20 objective to 5 to 7 minutes using a )< 40 one; a X 8 ocular was used throughout. No additional filters were employed for colored films. An orange K2 filter was used for black and white photography in order to increase contrast.
RESULTS
The results are based on study of autopsy and surgical material (see Tables  I and II) to allow examination of every organ or tissue from A, B and AB subjects, both secretors and non-secretors.
It may be stated at the outset that no difference was discovered in the occurrence and distribution of antigens A and B in homologous subjects, or in AB individuals. Three fetuses (4 to 7 months' gestation), several newborn and several senile subjects conformed to the general picture.
The differences in the distribution of the water-soluble antigens in secretors and non-secretors are summarized in Table HI . It will he seen that two separate patterns are maintained for the mucus-borne, urinary, and endometrial antigens in the two groups respectively. Antigens in the mammary gland and the organs contributing to sperm plasma, although demonstrated in the appropriate organs, remain to be more fully investigated.
No instances of aberrant secretion (19), i.e. secretion of one antigen only in AB subjects, were encountered.
The distribution of the antigens can be conveniently described under five general headings: (a) intima of vessels, (b) stratified squamous and transitional epithelia, (c) mucus secretory apparatus, (d) other secretory and excretory organs, and (e) miscellaneous.
(a) The intima of vessels of all calibers in all organs and tissues examined contains the antigen irrespective of secretor status. It stains more brightly in veins than in arteries ( Fig. 1 ) in which the endothelial cells tend to be flat and are often desquamated into the lumen. In the veins and venules the endothelial cells are clearly pictured (Figs. 8 and 9); the cell envelope is clearly outlined while both the cytoplasm and nucleus remain unstained.
In the heart the endothelium appears exceedingly thin and stains feebly. In the lungs the alveolar capillaries are often difficult to see and when visible seems exceedingly thin walled.
In the kidney the intimal staining produces a remarkable picture as it beautifully outlines the organ's vasculature: the glomerular arterioles, glomerular tufts, and peritubular capillaries (Fig. 10) . No staining of basement membranes of glomeruli or of tubules was ever observed.
In the spleen the red pulp presents a remarkable outlining of sinusoids by staining of the cell walls of the lining cells (Fig. 11) . The white pulp is negative save for occasional thick-walled vascular twigs running radially from the central arteriole. These vessels resemble large capillaries elsewhere in lymphoid tissue (Fig. 12 ). They are composed of a single layer of large, plant- The staining of vascular intimae in brain, choroid plexus, and meninges presents no special feature.
Staining of endothelia is abolished by prior exposure of sections to 95 per cent ethanol or methanol for 10 minutes. The presumption is that this form of the antigen is soluble in alcohol and corresponds to the small ubiquitous fraction of alcohol-extractable antigen (10, 11) . The stratified squamous non-cornifying epithelia---e.g., cervix, esophagus (Fig. 4), tongue (Fig. 14) --give beautiful staining of the Malpighian stratum with a strong suggestion that intercellular bridges participate in the staining. In the skin (stratified squamous cornifying epithelium) the cells of the upper half of the Malpighian layer show brightly staining walls; the granular layer stains also, often more prominently than the subjacent Malpighian stratum (Fig. 13) . In all these epithelia the basal layer remains invariably negative. In the stratified, "transitional" epithelia of the urinary tract (from calyces to urethra) the order is reversed. The cells of the basal and contiguous layers stain while the surface layers tend to remain negative (Fig. 16 ). In the pseudostratified epithelia of the respiratory tract the basal halves of the columnar cell walls show antigen.
An example of squamous metaplasia in the trachea of an elderly woman showed abnormal staining including the basal layer; a similar example was provided by squamous metaplasia of ductules in the prostate.
Of interest is the pronounced staining of Hassall's bodies in the thymus (Fig. 15) ; the intensity of staining of the epithelial ceils has a pattern like that seen in the skin, the degenerating keratotic debris being always negative.
The epithelial antigens are unaffected by water, but preimmersion in ethanol for 10 to 20 minutes abolishes specific staining.
(c) Mucus-Secreting Apparatus.uThe presence and distribution of antigen in mucus is of special interest since it reflects the secretor status of the subject. Being mucus-bound it apparently follows the latter's solubility in water, and its staining is unaffected by methyl or ethyl alcohol.
When found in mucus-secreting ceils the antigen pervades the swollen homogenous mucous blebs filling the cells, often obscuring the nucleus, and overflowing across the cell membranes (Fig. 2) . In goblet cells the cytologic detail is apt to be clearer since the mucus is mainly confined to the supranuclear portion. A film of mucus-borne antigen is often found stretched on the surface between the discharging goblet cells (Fig. 17) .
While in secretors all the mucus produced (with the exception of the distal colon) contains the antigen, the picture is somewhat more complex in the gastrointestinal tract of non-secretors. The following is a listing of glands and membranes secreting the mucus-borne antigen in secretors; non-secretors are more conveniently described separately.
Secretors
Stomach: surface epithelium and gastric pits; pyloric glands. Small bowel: goblet cells of villi (Fig. 17) and crypts of Lieberktlhn; Brunner's glands of duodenum. Large bowel: goblet cells of surface epithelium and crypts, in appendix and proximal half of colon. No antigen detected in distal colon. Salivary glands: mucous acini of the submaxillary, sublingual, 4 and the small auxiliary glands in the mouth and upper esophagus (Fig. 2) . In rare preparations fine cytoplasmic "peppering" in serous acini. No antigen found in the parotid. Larynx, trachea, bronchus: the goblet cells of the surface epithelium and mucous glands or mucous components of mixed glands in the wall. Ga// bladder: tall columnar mucus-secreting epithelium. Uterine cervix: tall columnar mucus-secreting epithelium of surface and glands. Pseudomucinous o~arian cysts: abundant mucus-bound antigen.
Non-secvetors
In non-secretors there is no detectable mucus-bound antigen except in the stomach and small bowel. Stomach: The surface and most of the foveolar epithelium show no antigen except for the bottom of the foveolae (Fig. 5) . Small amounts of mucus-bound antigen are visible in the foveolar lumens and some of it may trickle down into the lumens of the gastric glands proper. The status of the mucous neck glands is difficult to determine (7) but it is likely that they are active in producing blood-group antigen. In the pylorus there is secretion from the deep parts of the glands and occasionally at higher levels. Small bowel: The goblet cells of the villi are invariably free of antigen. In the crypts of Lieberkiihn the goblet cells secrete variable amounts of antigen, with most of the active cells in the lower half of the crypts. In the duodenum this picture is often obscured by antigen-loaded mucus welling up from the Brunner's glands except where the latter show areas of quiescence.
(d) Other Organs of Secretion and Excretion.--Pancreas:
Plentiful antigen, often in the shape of fine granules, is demonstrated in the cytoplasm of acinar cells and lumens (Fig. 18) . No difference is demonstrated between secretors and non-secretors. The ductal epithelium is free of staining. The islets of Langerhans show only golden-red, autofluorescent granules.
Kidney: There is remarkable staining of the luminal aspect of epithelial cells of the collecting tubules in the medulla (Fig. 19 ) much less frequent and less intense in the cortex, and similar staining of superficial cells of the calyces (Fig. 16) . The antigen seems attached to the luminal and upper lateral borders of the cells with granules in the adjacent cytoplasm and others spilled into the lumen. The rest of the cell envelope is often delicately outlined, but whereas this outlining disappears after preexposure to alcohol the luminal accretions of antigen are alcohol-fast. Since they are present in secretors only, their nature is probably that of tubular concentrates of excreted mucus-bound antigen.
Merocrine sweat glands: Fine outlining of cells of sweat glands with frequent blebs of well stained antigen in the lumens of coils and ducts is present in both secretors and non-secretors (Fig. 6, 20) .
Breast: Only occasional cells or groups of acinax cells show staining at the luminal tips, usually accompanied by luminal droplets of secretion carrying the antigen. A fuller investigation of secretion of antigens is warranted in the mammary gland in its various functional stages, especially lactation. The only case of lactation included herein is that of an elderly woman with acromegaly due to a pituitary tumor, in which the picture qualitatively resembled that of a non-lactating adult.
Endomztrium: All phases of the menstrual cycle were investigated. The epithelial cells of the glands disclose antigen primarily during the late proliferative phase (Fig. 21) . It is confined to the luminal portions of the cells with much granular material in the luminal extremity of cytoplasm and cell membrane and similar granular material in the gland lumen. The appearance reaches its height at the late proliferative phase and fades out rapidly in the early secretory phase. An identical picture is seen in the epithelium of the Fallopian tube (Fig. 22) , in which the appearance and fading of antigen parallels that of the endometrium.
While specimens from non-secretors reveal no antigen, occasional proliferative endometria (two out of eleven investigated) from secretors also fail to disclose it; the tubal epithelium is also negative in these cases.
Epididymis: Very occasional staining of single cells or small groups of ceils at the luminal tips, in secretors.
Seminal ~esicle: Inconstant specific outlining of epithelial cell walls irrespective of secretor status with occasional luminal capping in secretors.
Prostate: Specific staining at luminal tips in single or small groups of glandular epithelial ceils representing 10 to 20 per cent of ceils are seen in sections from secretor subjects only. Areas from benign hypertrophy and corpora amylacea disclose no antigen. 7) and Glynn and Holborow (6) obtained by the use of rabbit antisera. Their well illustrated study of the stomach, duodenum, and salivary glands are confirmed in particular here by the use of human sera. The discrepancies in some findings (e.g. the pancreas) are most likely due to postmortem changes in their material, as they suspected. Their finding of antigen in the glomerular basement membranes and islets of Langerhans is less easily reconciled.
The specific staining of the mucus-borne antigen, as expected, shows up mucus in all locations (in secretors)and emphasizes the distinction between the mucous and serous dements in the salivary glands.
The universal staining of the intimal lining of the vascular bed, including the splenic sinuses, contributes another rather unexpected illustration of the widespread nature of the blood group antigens. Incidently, it proves an excellent means of highly specific staining of otherwise elusive small vessels and capillaries, including those of the central nervous system. The antigen in the skin and membranes of stratified squamous epithelium (mouth, bladder, vagina) presents certain histologic peculiarities (the absence of staining in the basal layer in squamous epithelia) the significance of which is not clear at present. Its abundance in these locations, however, may find medico-legal applications. The staining of the epithelial cells of Hassall's corpuscIes of the thymus testifies again to their epithelial origin.
Comparison with Data of Extraction Experiments Water Soluble Antigens.--Comparison of the results reported here with those
arrived at by extraction methods shows a high degree of correlation. Taking the data of the authors cited above (23, 11) , there is almost full agreement of findings for the mucus-secreting apparatus, pancreas and kidney. Thus, for example, the small but constant fraction of water-extractable antigen in the stomach of non-secretors, (histologically located in the deeper mucosa) is emphasized in at least one study using extraction methods (5) .
The virtual absence of antigen from aqueous extracts of the parotid (a purely serous gland) and its presence in those of the submaxillary and sublingual salivary glands in quantities proportional to their mucous cell population led to the conclusion that it was mucus-borne (27) . This is essentially confirmed by the present study but it applies only to the salivary glands. The abundance of antigen in the exocrine portion of the pancreas, morphologically resembling the parotid (salivary) gland, is histologically clearly demonstrated (Fig. 18) and is in agreement with results of extraction experiments (11, 26) .
The presence of the antigen in urine (23) and aqueous kidney extracts (11) of secretors has its histologic counterpart in the antigen demonstrated in the renal collecting tubules and calyces. Its presence in secretors only suggests that it represents the excretion of the mucus-bound antigen.
The presence of A or B antigen in sweat (31) has been confirmed recently (26) . Its histologic demonstration herein was obtained for both secretors and non-secretors.
The high antigen content of spermatic fluid (30, 24, 23) led to examination of prostatic gland, epididymis, and seminal vesicles; Cowper's gland was not included and the investigation is thus incomplete. Of the organs examined the chief source of antigen seems to lie in the prostatic acini free of benign hypertrophy. In the epididymis and the seminal vesicle the few cells showing antigen at the luminal tips provide the only, if incomplete, evidence of secretion of the antigen by those organs.
In the uterus the appearance of antigen in the endometrium and Fallopian tube during the proliferative phase and its disappearance early in the secretory phase has not been reported before. It may be of interest that its presence correlates in both location and timing with that of alkaline phosphatase in the endometrium (18) .
The well established presence of the antigen in the milk of secretors (24) was not sufficiently investigated in the present study. The only lactating breast examined (due to a pituitary tumor) did not differ qualitatively from the nonlactating breasts, in which, however, the number of cells secreting the antigen was smaller.
Alcohol-Extractable Antigens.--The small, ubiquitous, alcohol-extractable fraction, separate and distinct from the aqueous (11, 10) most likely corresponds to the vascular intimal antigen. The staining of the latter, it will be recalled, is abolished by prior exposure to alcohol. Localization of antigen in the Malpighian (and granular) layers of stratified squamous epithelia provides histologic confirmation of absorption of anti-A and anti-B agglutinins by skin homogenates (21) and of the mixed agglutination of suspended epidermal cells (2) .
The Significance of the Various Forms of Antigen.--The results of the present study assign more specifically than heretofore the origin or location of substances with serologic specificity first discovered on the erythrocyte's surface. While the specific chemical grouping determining the serologic specificity can be assumed to be identical for all antigen of a given group in its various anatomical locations, much less is known about the rest of the molecule, its anchorage and its relation to other tissue constituents.
As most of the available information on the chemistry of the blood group substances derives from the investigation of the mucus-borne form (20, 13) the demonstration of other forms of wide distribution (e.g. endothelial or epidermal) more intimately bound within tissues, poses a new challenge, as it also reveals their scarcity and the difficulty of studying them by extraction. The failures suffered in the attempts at their extraction from erythrocytes (14) suggest that histochemistry may be a more hopeful approach.
Differences between Secretors and Non-Secretors.--The problem of secretor status becomes more complex in the light of the data now available, Whereas the antigen in the endothelium and stratified epithelia and that of sweat and pancreatic secretion are clearly independent of the secretor (S, s)genes of Schiff and Sasaki, the antigen found in mucus, sperm, and milk remains under their control. In the ease of the mucus-borne antigen, this control is incomplete as A and B antigens are regularly found in the deeper parts of the gastrointestinal mucosa of non-secretors. Thus the ability to make and secrete the mucus-bound antigen is retained in non-secretor individuals but its exercise remains restricted. It seems simplest to suppose that the absence of secretion is due to suppression of production of this form of antigen due to the action of the non-secretor gene. While the suppression is more orless complete in salivary glands and the rest of the mucus-secreting apparatus it stops short in the depths of the gastrointestinal mucosa. An alternative possibility, however, suggested by Hartmann (10) is that the absence of the antigen in non-secretors may be due to its enzymatic degradation beyond serologic recognition.
SUMMARY
The mapping out of the histologic distribution of blood group antigens A and B in human tissues was performed by means of the fluorescent antibody technique. Human hyperimmune sera were conjugated with fluorescein isocyanate and applied to frozen sections of human material obtained at autopsy or after surgical removal. The material examined encompassed A, B, and AB subjects. In the latter the anti-A and the anti-B conjugate elicited the same picture. Group 0 tissues were used for controls and were uniformly negative. The secretor status of subjects was determined from the saliva or by the Lewis typing of erythrocytes.
The results fall into the following main divisions:
Endothelia of Vessels. 
Various Organs of Secretion and Excretion.--The pancreas (exocrine portion)
and the sweat glands were found to produce the antigen irrespectively of secretor status. Breast, prostate, and endometrial glands on the other hand apparently secrete the antigen in conformity with the subject's secretor:nonsecretor make-up. Thus the secretor:non-secretor status governs principally the antigens associated with mucous secretions and this in most but not all locations. The possible nature of this control is briefly discussed. 
